Self-calibrating ultra-low noise, wide-bandwidth optomechanical accelerometer 
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The reflection spectrum of an optical cav- 
ity is exquisitely sensitive to length varia- 
tions, enabling precise and accurate displacement 
measurements [1, 2j. When combined with me- 
chanical oscillators, such cavities can yield ac- 
celerometers of unprecedented resolution. Pre- 
viously, accelerometer sensitivity enhancements 
were achieved by lowering the sensor's natu- 
ral frequency |3j and bandwidth. Detection near 
the thermal limit was achieved, but at high ac- 
celeration levels due to low oscillator mass[4j. 
We present a novel self-calibrating accelerome- 
ter, capable of reaching nano-^ n /v^Hz sensitivi- 
ties (|LtGal/V / Hz — lg n = 9.81m/s 2 — equivalent dis- 
placement of 10 -18 m/V / Hz) over a bandwidth of 
several kHz, and compare its accuracy to a cali- 
brated commercial system. It consists of a com- 
pact (10.6 x 15 mm), high-mQ (5 kg) fused-silica os- 
cillator that utilizes fiber-optic micro-mirror cavi- 
ties, for self-calibrated detection of the motions of 
its test-mass [5j. This device provides a substan- 
tial improvement over conventional systems in 
accelerometry, standards and calibrations, opto- 
mechanics, seismology and gravimetry. 

Accelerometer resolution is fundamentally limited by 
thermal fluctuations of the test-mass, which for a simple 
harmonic oscillator at high temperature is given by [6 , 
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where ks is the Boltzmann's constant, T is tempera- 
ture, uo is the natural frequency of the harmonic oscil- 
lator, m is the oscillator mass, and Q is the mechani- 
cal quality factor. Typically, the acceleration is inferred 
from a displacement measurement which has a frequency 
response [3j [7], 
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where X(oS) is the relative displacement given an input 
acceleration A(uj) at an angular frequency uo. The dis- 
placement noise floor is a function of the device band- 
width by x t h = dth/^o- Performance at nano— g n has 
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been obtained[8j [9], however, only at severely limiting 
bandwidths, e.g. below 100 Hz. 

From Equation [5J nano— gn/V^Hz-resolution over a 
10 kHz bandwidth requires detection sensitivities of 
10 — 18 m/v // Hz. Optical detection schemes such as Fabry- 
Perot interferometry offer this type of resolution, with 
the added benefit of intrinsic accuracy, since the Inter- 
national System of Units (SI) defines length in terms of 
the wavelength of light. Thus, if test-mass motion is mea- 
sured in terms of an optical cavity referenced to a physical 
standard such as an atomic transition, all that is required 
to convert X(uo) to acceleration is an estimate of cj , 
a simple frequency measurement. Current wavelength 
and frequency calibrations reach accuracies of 10 -11 and 
10 -15 respectively. State-of-the-art acceleration calibra- 
tions only reach levels of 10 _2 [10 at discrete frequency 
points. Moreover, it is highly challenging to conduct ac- 
curate system identification [TTJ [12] in conventional ac- 
celerometer systems, which strongly limits the detec- 
tion bandwidth significantly below the mechanical res- 
onance (typically oo /h). In contrast, the displacement- 
to-acceleration transfer function (Equation [2| depends 
only on two parameters, Q and uj q that are independently 
measured via a ringdown technique (see Methods), pro- 
viding a complete system characterization. This asso- 
ciated with the self-calibrating nature of the displace- 
ment detection scheme, provides high-sensitivity mea- 
surements over a continuous frequency bandwidth of sev- 
eral kHz, even beyond the mechanical resonance, proving 
itself revolutionary. 

The mechanical fused-silica oscillator is shown in Fig- 
ure^. This material was chosen for its compatibility 
with fiber optics and its inherent low loss (fQ > 10 13 [T3] 
or Q > 10 9 at 10 kHz) characteristics. The mechanical 
oscillator was laser-assist micro-machined from a 2 mm 
thick fused-silica wafer to produce a monolithic device. 
The base of the oscillator was frit-bonded to a fused- 
silica substrate and the moving portion was suspended 
over a laser-machined relief. The overall design targeted 
a thermally-limited sensitivity of 2ng n /\/Hz, while aim- 
ing for a highly compact device. This required a high 
Q to compensate for a lower mass, fulfilling the condi- 
tion mQ > 1 kg. This is a simplified design criterion 
given that m, Q, and uo are interrelated [14]. A factor 
to consider is the estimation of the limiting dissipation 
source, which in our case was anchor loss, predicting a 
maximal Q of 10 6 [l5j[T6]. The mechanical quality fac- 
tor was measured to be Q = 2 x 10 5 , applying a ring- 
down technique in vacuum. The reduced quality factor 
can be attributed to lossy frit-bonding material used for 
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FIG. 1: Mechanical oscillator and measurement setup, a, Photograph of the monolithic fused-silica mechanical oscillator 
with the integrated fiber micro-cavity. The fiber optic micro-cavities appear magnified on the left, the top cavity being the 
focus of the current discussion; the gold-coated concave fiber mirror is located in the upper left V-groove and builds a cavity 
with the flat, dielectrically coated fiber in the upper right V-groove. Polymer micro- molding with a 350 Lim diameter ruby 
microsphere, and the gold coating process to manufacture the concave fiber mirror are depicted on the right, b, Experiment 
setup schematics showing the input IR-laser through a fiber-isolator and injected into a 50/50 fiber coupler. One output of 
the 50/50 fiber coupler is connected to a photoreceiver that gives the input signal for a PID servo feedback for laser intensity 
control. The other output of the 50/50 coupler is connected to a circulator that injects the light into the cavity, and launches the 
reflected cavity light onto the detection photoreceiver, which is connected to a spectrum analyzer for the length measurement. 
The sensor is located in a vacuum chamber. Fiber feed-throughs are use to transport the input and output laser beams. 



mounting onto the substrate. The mass of the oscilla- 
tor is 25 mg and uo Q = 2tt x 10 800rad/s yielding a net 
product rriQ ~ 5 kg and a predicted thermal noise floor 
of a t h ~ 1.5n# n /vHz at room temperature. 

A fiber-based micro-mirror Fabry-Perot cavity was set 
up in reflection as the optical readout. The sensor 
ground platform and the moving mass were equipped 
with collinear V-grooves as alignment canals for the fiber- 
based mirrors. The shot-noise limited performance of the 
cavity length measurement is given bypQ, 
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where h is Planck's constant, c is the speed of light, A 
is the laser wavelength, P is the laser optical output 
power, T is the cavity finesse, and xsn is in units of 
m/V^Hz. Thermally limited acceleration sensitivity levels 
of 1.5ng n /v/Hz require an equivalent shot-noise limited 
displacement sensitivity of 3 x 10 _18 m/v // Hz. 

We utilized a telecom laser at a nominal wavelength 
of A = 1550 nm with moderate power of approximately 
1 mW. Shot-noise limited sensitivity requires a cavity Fi- 
nesse of about 10 3 . These Finesse levels require high 
reflectivity mirrors, preferably with dielectric coatings, 
and refocusing optics at the fiber ends to obtain stable 
cavity modes [17]. We opted for a preliminary approach 
of building a plane-concave fiber-optic cavity. The in- 
put mirror consists of a perpendicularly cleaved, dielec- 



trically coated (95%) fiber. The cavity end mirror con- 
sists of a fiber with a polymer-based micro-molded gold- 
coated concave mirror (see Methods). Gold typically ex- 
hibits a reflectivity of 97%, however, the net reflectiv- 
ity of the cavity will be dominated by the least reflec- 
tive surface, which is the input fiber mirror. The re- 
sulting cavity Finesse was measured to be approximately 
60, meaning that we were limited by the optical read- 
out sensitivity. Nevertheless, a clear path forward to 
thermally-limited acceleration sensitivity lies on improv- 
ing the cavity Finesse by, for example, utilizing high re- 
flectivity coatings [18]. 

The optical output of the Fabry-Perot cavity in reflec- 
tion is a function of the laser wavelength A, yielding a 
signal V(A) (see Figure|2| at the photoreceiver given by, 
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where A is the amplitude of the signal, 7 is the visibility 
of the cavity, L is the optical cavity length, and T is the 
cavity Finesse. Given the wide tunability range of our 
laser, it is possible to measure the Free Spectral Range 
(FSR) of the cavity and directly measure the optical cav- 
ity length L as, 
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which amounts to 142 |Ltm. 



3 




l — , , , , , , 

1 554 1556 1558 1560 1562 1564 

wavelength [nm] 

FIG. 2: Cavity free spectral range and sensitivity. We use a tunable laser system that can be used to measure the full 
free spectral range which is shown in red. The operating points of highest sensitivity are given by the maxima and minima 
peaks of the sensitivity function dV(X)/dX, plotted on the dotted blue trace. The sensitivity function dV(X)/dX reaches its 
maximum at the two wavelength locations A s , symmetrically and slightly offset from the resonance wavelength A reS onance- 



In a conventional DC readout scheme, the highest sen- 
sitivity of the cavity can be achieved by tuning the laser 
wavelength to the points A s where |dV(A)/dA|, obtained 
from the FSR measurement, reaches its maximum value 
(see Figure|2|. Cavity length fluctuations dL translate to 
laser frequency fluctuations dv in a resonant cavity as 
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where v = c/X is the laser frequency Displacement fluc- 
tuations dL clearly couple as changes of the cavity length, 
thus dynamically changing the FSR. However, this effect 
can be neglected given that dL <C L, which is approx- 
imately 12 orders of magnitude smaller in the high sen- 
sitivity measurements we present here. By combining 
Equations [4] and [6j it yields that measured voltage fluc- 
tuations dV translate as cavity length fluctuations, 
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where the operating laser wavelength for maximum sen- 
sitivity A s is an Si-traceable quantity. 

Given the self-calibrating nature of the displacement 
measurement and the accurate length-to-acceleration 
transfer function identification, the conversion to acceler- 
ation from the measured voltage is straightforward from 



Equations [2] and [7| and given by 
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where all parameters (Q,cj , A s , dV(A)/dA|A s , L) are eas- 
ily measured and are stable. 

Figure [3^ illustrates the linear spectral density of 
two data sets of the measured displacement fluctuations 
and corresponding equivalent acceleration noise (Fig- 
ure [3)3), reaching a sensitivity level of 400am/V / Hz and 
200n^ n /v // Hz below the mechanical resonance, respec- 
tively. Provided the capability to conduct a complete 
system identification over the entire observation band- 
width, the dynamic response peak acts as a mechanical 
amplification factor, resulting in a sensitivity enhance- 
ment that allows us to reach a nearly thermally-limited 
acceleration sensitivity at the ng n /yfHz level about the 
mechanical resonance. 

Each data set consists of two traces. The first set corre- 
sponds to measurements conducted at free-running laser 
power shown in blue and magenta. The blue traces are 
where the laser was tuned to maximum sensitivity for 
cavity length fluctuations to measure the test-mass dis- 
placement and corresponding acceleration. The magenta 
trace is where the laser was detuned from the cavity res- 
onance, operating the cavity as a mirror, only measuring 
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FIG. 3: Oscillator sensitivity spectra, a, Linear spectral densities showing the sensitivity of the length measurement and 
the current limiting noise source. The dotted blue trace shows the initial sensitivity of the optical Fabry-Perot readout while the 
laser power operates in a free-running condition. The dotted magenta trace outlines the equivalent displacement fluctuations of 
pure free-running laser intensity noise, when the laser wavelength was detuned from resonance and high-sensitivity operating 
points X s . The solid red trace depicts the length sensitivity obtained around 4 x 10 _16 m/v / Hz, while actively stabilizing the 
laser intensity through PID servo feedback. The dashed green trace shows the equivalent length fluctuations corresponding to 
the stabilized laser intensity. The dotted black trace shows the equivalent displacement sensitivity due to thermal noise of the 
mechanical oscillator, taking as input acceleration a±h in Equation [I] and converting it to length by the transfer function given 
by Equation [2] b, Corresponding acceleration sensitivity plots computed from the measured data plotted in a by using the 
transfer function in Equation [2] 



the noise contribution of laser power fluctuations. The 
second data set in Figure|3j traces in red and green, shows 
the same data while stabilizing the laser power using a 
PID control system. Our current laser system only offers 
an AC-coupled actuation interface which prevents signif- 
icant improvement at lower frequencies. The blue and 
red traces (tuned wavelength to max. sensitivity) show 
a sharp peak above 10 kHz corresponding to the natural 
frequency of our device. This is a clear indication that 
we are sensitive to the dynamics of the device which is 
being thermally driven. This mechanical resonance does 
not appear in the green and magenta traces (detuned 
wavelength), which correspond to pure laser power fluc- 
tuations that can be identified as our current limiting 
noise source. The peaks around 8 kHz correspond to arti- 
facts of the laser system, and the low frequency structure 
below 3 kHz arise from the laser and fiber-optics system- 
atics (see Methods: Optical detection scheme). 

An additional experiment was run to demonstrate the 
self-calibrating nature of our device. A small piezo-driven 
shaking platform was used to exert a controlled accel- 
eration. For comparison, we used a 400 Hz commercial 
Wilcoxon 731A/P31 piezoelectric accelerometer [T9] that 
reports a gain of 1 at 10 Hz. The acceleration measure- 
ment was performed on one device at a time, mounted on 
our shaker. Figure [4] shows the obtained equivalent ac- 
celeration spectral density. The acceleration peaks mea- 
sured by both devices come to excellent agreement. The 
slight discrepancy (see Figure ^p) in amplitude of ap- 
proximately 6% can be attributed to differences between 



the devices in mounting to the shaker table, and moment 
of inertia. 

Not all applications require large bandwidth accelera- 
tion measurements and, therefore, design trade-offs can 
be considered for sensitivity enhancements significantly 
below the ng n /y/Hz level at expense of lower bandwidth. 
The simplicity, compactness and high-sensitivity perfor- 
mance over a wide bandwidth accompanied by advanced 
laser-interferometric detection highlight the novelty of 
this type of accelerometer for a wide variety of appli- 
cations in opto-mechanics and quantum-limited light- 
matter interactions, absolute and reference accelerome- 
try, including seismology, ground and space-based grav- 
ity gradiometry. 

Methods 

Sensor manufacturing and cavity assembly. The 

fused silica oscillators were glass micro-machined by 
laser- assisted etching [20] from fused silica wafers. This 
includes collinear V- grooves for fiber cavity alignment. 
The accelerometers were glass-frit bonded to a fused 
silica substrate that had a pre-machined relief, above 
which the moving mass would hang. The fiber optic 
cables were bonded to the v-grooves by UV-curing epoxy. 
The substrate was placed on a passive vibration isolation 
platform located in a vacuum chamber. The fiber 
optic cables were fed into the vacuum chamber through 
deformable capillaries that clamped circumferentially 
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FIG. 4: Demonstration of self-calibration, a, Acceleration measurement by injecting a 10 Hz signal to a piezo-driven 
shaker, and sensing the resulting acceleration with our device (NIST), shown by the solid red trace, and a calibrated commercial 
Wilcoxon accelerometer - dotted blue trace, b, Magnification of the measured acceleration peaks around 10 Hz, indicating the 
slight discrepancy in amplitude between the NIST accelerometer, in squares, and the Wilcoxon accelerometer in circles. A 
quadratic fit to the acceleration injection peak was computed in order to estimate the corresponding peak heights for each 
measurement. The error bars are given in frequency (horizontal axis) by the frequency resolution of the spectrum analyzer 
data, and in amplitude (vertical axis) by the spectrum analyzer noise, which is several orders of magnitude below the signal 
level. 



around the cables for an air-tight seal. The fiber optic 
cables were fusion spliced to the fiber interferometer and 
laser sources to create a continuous strand of cable. 

Optical detection scheme. Optical readout was 
performed by directing the back-reflected light from the 
cavity to a photodetector. As depicted in Figure[T]3, an 
optical circulator was used to direct the light. Once 
the fiber optics are adhered to the sensor, the nominal 
cavity length is not adjustable. We used a highly 
tunable telecom laser to measure the full free-spectral 
range of the cavity and syntonize the laser wavelength 
to high-sensitivity operating points within the cavity. 
This setup is susceptible to parasitic cavities due to 
multiple reflections originating at the fiber splices and 
fiber ends, which result in excess intensity fluctuations 
arising from the unstable optical path of these parasitic 
interferometers. 

Ring down technique for mechanical quality 
factor measurements. We used a piezo-shaker to 
excite the oscillator at resonance and measured the 



decay response. Resonance was determined by spectral 
analysis and then honed in by a high resolution function 
generator driving the piezo-shaker. After discontin- 
uation of shaking, AC voltage output of the cavity 
photoreceiver was read out from a digital voltmeter 
which provided the envelope of the ring down directly. 
The quality factor was determined by an exponential fit 
to the envelope and compared to spectral analysis using 
the full width at half maximum (FWHM) with good 
agreement. Ring down is orders of magnitude faster to 
acquire than a high resolution spectrum minimizing the 
effect of frequency drift and enabling multiple trials. 

Concave fiber mirror micro-molding. A photo- 
reactive polymer was applied to the fiber tip while in 
a liquid state, as shown in FigureJTJi. The tip was then 
pressed onto a Grade 25 ruby micro-sphere which clung 
to the polymer droplet from surface tension. Gravity 
was used to align the droplet and sphere to the fiber 
axis before curing with UV light. Once the sphere was 
removed, the mirror was gold-coated in-house. 
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